Abstract: The control of particle size distribution of fabricated alumina nanoparticles from general alumina that has a large geometric standard deviation (GSD) is studied. A thermophoretic separator was used to control the GSD of the fabricated alumina nanoparticles. Unevaporated particles and primary particles were separated to yield a small GSD for fabricated alumina nanoparticles. The fabricated alumina nanoparticles were characterized by using a field emission scanning electron microscope and scanning mobility particle sizer. The GSD of the fabricated alumina nanoparticles was confirmed to be controlled by the thermophoretic separator. The temperature difference applied to the thermophoretic separator for the control of GSD of the fabricated alumina nanoparticles was between 79 K and 151 K. The GSD of the fabricated alumina nanoparticles was improved from 1.74 to 1.44.
Introduction
Alumina is a promising material considered for advanced structural applications and is used for industrial machinery and tools [1, 2] . It has the advantages of a high melting point, high strength, high hardness, high resistance to corrosion, high insulation resistance, etc. [3] .
Sinterability of alumina is an important factor to consider for structural applications because it determines the properties that are related to mechanical stability and reliability, such as high compactibility, low shrinkage, and sintered density of the alumina ceramics [4] . Sinterability of alumina is affected by the particle size and geometric standard deviation (GSD). With a smaller particle size, the sintering temperature for densifying alumina could be reduced [5] . When the GSD of alumina is small, the sintered alumina has a uniform grain size [6] . If the alumina has a large GSD, the sintered alumina would have abnormally large grains, which is a reason for poor mechanical properties [7] . However, general alumina, which is commercially prepared by the Bayer process because of its technical stability and mass production ability, is a coarse particle; it also has a large GSD. Because of these characteristics of general alumina, it is difficult to use it in structural applications. Hence, additional processing that can convert general alumina into nanoparticles with a small GSD is essential [8, 9] .
For the generation of alumina nanoparticles with small GSD, we used the aerosol-throughplasma (ATP) method [10] . It is known that nanoparticles can be produced continuously from various precursors. In this technique, general alumina-which is inexpensive and easy to handle commercially-can be used directly as a precursor because the particles can be carried through a plasma region with a carrier gas. In the plasma region, the injected particles are volatilized by high temperature and nucleated by rapid cooling. After nucleation, the particles are grown by agglomeration and aggregation [11] . These process characteristics determine the particle size and size distribution of the fabricated particles. For this reason, various studies that are related to the characteristics of particle growth have been conducted. Vardelle et al. studied the effect of particle injection in a plasma jet numerically [12] . The parameters of particle injection in a plasma jet had a significant effect on the shape and particle acceleration. However, it is a challenging problem to project realistic particle trajectories in three-dimensional mathematical models of the plasma process. Ye et al. synthesized alumina nanoparticles using axial quench gas injection to control the particle size [13] . The results revealed that the size and shape of the synthesized nanoparticles were largely controllable by introducing additional axial quench gases. This also indicates that higher quench gas flow rates produced particles with a small GSD. Suresh et al. studied the synthesis of alumina nanoparticles using a DC thermal plasma reactor [14] . The particles were found to be in the size range 30-75 nm and spherical in shape. They concluded that it is possible to obtain nanoparticles within a narrow size distribution by appropriately selecting the feedstock particle size distribution and operating parameters. However, in this case, specific feedstock particles had to be selected for the synthesis of alumina nanoparticles.
These studies show that the size and GSD of the fabricated particles are controlled by the quenching gas flow rate, particle feed rate, plasma power, and particle injection position. Nevertheless, these variables are interrelated, making it difficult to derive an optimal control point. It is difficult to use general alumina in the ATP method owing to its large GSD. These characteristics of general alumina hamper the attainment of a self-preserving particle size distribution, which is a function of the particle diameter [15] . As a result, the fabricated alumina nanoparticles produced remain in an aggregative growth state [16] , and the fabricated alumina nanoparticles have a bimodal size distribution as in the initial stage of particle aggregation [17] . In addition, the particles that were too large to be volatilized remain as unevaporated alumina particles. Hence, the investigation for the control of the GSD of fabricated particles using an ATP method, when general alumina is used, is required for commercialization.
In this study, we focused on the classification of the fabricated alumina nanoparticles to control the GSD. We applied the transferred DC plasma method and a thermophoretic separator to classify the unevaporated alumina particles and the small primary alumina particles to obtain a small GSD.
Methodology
The fabricated alumina nanoparticles have a bimodal size distribution. Because the process of particle growth was in an aggregative state, secondary particles are formed because of further coagulation. Hence, for obtaining a small GSD, we separated the small primary alumina particles using the thermophoretic separator. Figure 1 shows a schematic of the thermophoretic separator. Small particles suspended in a gas with a temperature gradient are subjected to a force called the thermophoretic force, applied in the direction opposite to the temperature gradient. The thermophoretic force that affects particle separation for small primary alumina particles is defined in equation. (1) [18] .
where p is the gas pressure, λ is the mean free path of the gas molecules, d is the particle diameter, and ∇T is the temperature gradient. In this case, the particle separation efficiency by thermophoresis can be calculated from equation (2) [19, 20] .
where ro is the separator radius and rc the critical radial position.
where τ is the residence time of the particles and Vth is the thermophoretic velocity defined by
Messerer et al., as given in equation (4) [21].
where ∇ T represents the temperature gradient obtained from equation (5), and Kth is the thermophoretic coefficient defined by Talbot et al. as defined in equation (6). ρg is the gas density, μg is the gas dynamic viscosity, and Tp is the particle temperature [22] . These are the factors for the control of particle separation using a thermophoretic separator.
where ΔT is the temperature difference between the temperature of the process gas and the wall temperature of the thermophoretic separator.
where Cc is the Cunningham slip correction factor defined by Friedlander as given in equation (7) [23], Cs is the thermal slip coefficient, Ct represents the temperature jump coefficient, Cm is the momentum exchange coefficient, kg is the thermal conductivity of the gas, and kp is the thermal conductivity of the particle.
For the calculation of thermophoretic separation efficiency, the reasonable values of Cs, Ct and Cm are 1.17, 2.18, and 1.14, respectively [23, 24] . The gas property values were applied depending on the temperature [25, 26, 27] . It is assumed that the process gas temperature and particle temperature are the same.
Owing to the characteristics of the ATP method, it is difficult to control the process at a constant temperature, so we calculated the thermophoretic separation efficiency by applying various process gas temperatures (373 K, 423 K, 473 K, and 523 K). We set a target particle size of 200 nm for the separation. Figure 2 shows the thermophoretic separation efficiency according to the temperature difference for each process gas temperature. As the temperature difference of the thermophoretic separator increased, the thermophoretic separation efficiency increased in all cases. When a higher process gas temperature was applied, the thermophoretic separation efficiency decreased. 
Experimental procedure
The experimental set-up consisted of a plasma torch, DC power supply, powder feeder, thermophoretic separator, collecting filter, and a scanning mobility particle sizer. It is shown in Figure  3 . The plasma torch used in the experiment was of a transferred DC arc type. The maximum capacity of the plasma torch was 10 kW, and the plasma power was controlled by a plasma ampere. The negative electrode of the plasma torch was made of copper, and a rod type cathode made of tungsten was used for better thermionic emission. Argon was used as the plasma pilot gas, shield gas, and quenching gas. The mass flow rates of the pilot gas, shield gas, and quenching gas were respectively 3 L/min, 10 L/min, and 10 L/min. The plasma flame was approximately 10 mm in diameter and 15 mm long. The dimensions depend on the length between the plasma torch and the electrode.
The thermophoretic separator was a water-cooled pipe made of stainless steel. The wall temperature of the thermophoretic separator was controlled by the temperature of the cooling water. To control particle separation, we used the temperature difference between the temperature of the process gas and the wall temperature of the thermophoretic separator.
The experiment was carried out to evaluate the thermophoretic separator that yields a small GSD of the fabricated alumina nanoparticles. First, the experiment was performed without a thermophoretic separator. The particles were analyzed by field emission scanning electron microscopy (FESEM) using a JEOL JSM-6701F.
Second, the experiment was performed with a thermophoretic separator for the controlling the GSD of the fabricated alumina nanoparticles. The fabricated alumina nanoparicles were analyzed with a scanning mobility particle sizer (SMPS) (HCT SNPS-20N ). The aerosol gas flow rate of the differential mobility analyzer (DMA) was 0.3 L/min , and the sheath gas flow rate of the DMA was 3 L/min [28] . The plasma ampere and temperature of the cooling water for the thermophoretic separator were controlled to apply the temperature difference as an experimental parameter. The temperature difference was changed from 79 K to 151 K as an experimental condition. The plasma power was adjusted to obtain a stable plasma jet. The range of temperature differences given in Fig.  2 , that is the temperature difference for a theoretical thermophoretic separation efficiency of 100%, was considered for the experimental condition.
The general alumina that was used as the raw material ( Figure 4 ) was obtained from SigmaAldrich Co. LLC. The feed rate of the raw material was approximately 1 g/min from a screw feeder. The fabricated alumina nanoparticles were collected on a membrane filter. 
Results and Discussion

The experiment without thermophoretic separator
The general alumina that was injected into the plasma region was not volatilized completely because the particles that had a large size and were not injected into the internal plasma region remained unevaporated. We used the transferred plasma method to apply the external electrode of the plasma torch as the impaction plate. The unevaporated alumina particles-which were microsized particles-were separated on the impaction plate. Figure 3 shows a schematic of unevaporated alumina particle impaction. The SEM image of unevaporated alumina particles separated by impaction is shown in Figure 5 . We collected particles from the edge of the electrode. It is seen that complete vaporization of the injected general alumina in the plasma region is difficult because general alumina has coarse particles with a large GSD. It is also indicated that the fabricated alumina nanoparticles flowed along with the flow of the process gas, and the microsized alumina particles that were unevaporated got separated. The fabricated alumina nanoparticles were collected on a membrane filter, as shown in Figure 6 . The fabricated alumina nanoparticles are seen to be aggregated. After the phase transition for the formation of primary particles, secondary particles were formed as a result of further coagulation. We analyzed the particle size distribution of the fabricated alumina nanoparticles to learn more about the characteristics of nanoparticle fabrication. To analyze the particle size distribution, we used a SMPS. The geometric mean diameter of the fabricated alumina nanoparticles was 290.08 nm. The total number concentration was 1.23 × 10 6 #/cm3, and the GSD was 1.74. The particle size distribution of the fabricated alumina nanoparticles is shown in Figure 7 . The particle size distribution of the fabricated alumina nanoparticles indicated that the particles have a bimodal size distribution (Figure 7 ). This was attributed to the coexistence of primary and secondary particles during the fabrication process of alumina nanoparticles. Hence, we aimed at separating the small nanoparticles that are considered as primary particles in the target range to fabricate alumina nanoparticles that have the characteristics of particles with a small GSD.
The experiments with thermophoretic separator
We used the temperature difference between the temperature of the process gas and the wall temperature of the thermophoretic separator to classify the primary particles. The results of SMPS analysis for the experiments are presented in Table 1 . The geometric mean diameter of the fabricated alumina nanoparticles ranged from 213.33 nm to 303.34 nm. It seems that the geometric mean diameter of the fabricated particles is related to the particle concentration and Ostwald ripening [16] . However, this is not covered in this study. We focused on the small GSD of the fabricated alumina nanoparticles.
The GSD results based on the temperature difference of the thermophoretic separator are shown in Figure 8 . The graph indicates that the GSD of the fabricated alumina nanoparticles was controlled by the thermophoretic separator. As the temperature difference of the thermophoretic separator was increased, the GSD of the fabricated alumina nanoparticles decreased. The GSD of fabricated alumina nanoparticles decreased slowly until the temperature difference was approximately 100 K. Beyond the temperature difference of ~95 K, the GSD of fabricated alumina nanoparticles decreased steeply. Hence, it can be judged that as the temperature difference of the thermophoretic separator increases above 95 K, the particle size distribution of the fabricated alumina nanoparticle narrows. When the temperature difference of 151 K was applied, the GSD of fabricated alumina nanoparticles was the smallest. The GSD of the fabricated alumina nanoparticles was improved from 1.74 to 1.44. The fabricated alumina nanoparticle size distribution according to the temperature difference is shown in Figure 9 and Figure 10 . Both graphs show that the peak particle diameter of the fabricated alumina nanoparticle size distribution without the thermophoretic separator is larger than the peak particle diameter of the fabricated alumina nanoparticle size distribution with a thermophoretic separator. We suspected that particle growth was affected by the small particles as the primary particles for Ostwald ripening. Larger particles grow at the expense of smaller particles, which are progressively dissolved in Ostwald ripening [16] . In Figure 9 , with the temperature difference of the thermophoretic separator below 95 K, there were particles that were small sized as primary particles in the separation target range. However, Figure 10 indicates that the particles that are small primary particles were separated when the temperature difference applied to the thermophoretic separator was above 130 K. Hence, Figure 10 shows that the fabricated alumina nanoparticles that are small became separated as primary particles under controlled conditions. The separated particles were below ~150 nm when a temperature difference of 151 K was applied. In Figure 10 , the graph also shows that the beginning of the fabricated alumina nanoparticle size distribution rises sharply beyond the separation range. Therefore, a temperature difference above 130 K is required for the separation of primary particles. A large temperature difference in the thermophoretic separator means that the large fabricated alumina nanoparticles can be separated. 
Conclusions
Alumina nanoparticles with a small GSD were fabricated from general alumina (with a large GSD) using a DC transferred plasma reactor. The alumina nanoparticles from general alumina have a bimodal size distribution owing to the broad particle size distribution of general alumina.
To control the particle size distribution, a thermophoretic separator was applied. The unevaporated alumina particles were separated on the impaction plate, which was the external electrode of the transferred plasma torch. The thermophoretic separator was used to separate the small primary particles that coexisted with secondary particles.
The fabricated alumina particles were aggregated nanoparticles in the size range 213.33-303.34 nm, controlled by the temperature difference of the thermophoretic separator. The temperature difference of the thermophoretic separator was affected by the wall temperature of the separator and the plasma power. With a larger temperature difference in the thermophoretic separator, the GSD of fabricated alumina nanoparticles decreased until a value of 1.44 was obtained. When a temperature difference of more than 95 K was applied in the thermophoretic separator, the GSD of the fabricated alumina nanoparticles sharply decreased. The particles that were in the target range below ~150 nm were also separated when the applied temperature difference of the thermophoretic separator was more than 130 K. We conclude that it is possible to control the fabricated alumina nanoparticle size distribution within a small GSD using the thermophoretic separator.
The results obtained could be useful for the fabrication of alumina nanoparticles using general alumina as the raw material. However, for a wider range of applications, research into controlling the particle size of fabricated alumina nanoparticles is needed.
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